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tory	 populations	 of	 the	 desert	 locust,	 Schistocerca gregaria,	 with	 contrasted	
demographic	histories.	Overall,	we	found	no	clear	relationship	between	the	popula-
tion	history	(illustrated	by	the	levels	of	genetic	diversity	or	inbreeding)	and	inbreed-





Only	 the	oldest	 laboratory	population	 successfully	produced	parthenogenetic	off-
spring.	However,	the	level	of	inbreeding	depression	did	not	explain	the	differences	
in	parthenogenetic	success	between	all	studied	populations.	Differences	in	develop-
ment	 constraints	 may	 arise	 driven	 by	 random	 and	 selective	 processes	 between	
populations.
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of	 parthenogenesis,	 arrhenotoky	 (which	 produces	 haploid	 males)	 is	
always	associated	with	sexual	reproduction	(De	Meeûs,	Prugnolle,	&	


















occur	via	 tychoparthenogenesis,	which	 is	 the	 spontaneous	hatching	
of	unfertilized	eggs	in	a	normally	sexually	reproducing	species.	It	has	
been	 suggested	 that	 tychoparthenogenesis	 could	 be	 the	 intermedi-









in Drosophila mercatorum,	where	 the	 types	 of	 developmental	 errors	
were	similar	but	occurred	at	different	proportions	among	the	studied	
strains	(Kramer,	Templeton,	&	Miller,	2002).	The	second	constraint	is	












tions	will	 decrease	 fitness	 (i.e.,	 lead	 to	 increased	 genetic	 load),	 but	
they	will	not	contribute	to	inbreeding	depression	as	there	is	no	allelic	
























To	 study	 the	 influence	 of	 inbreeding	 depression	 in	 the	 tycho-
parthenogenetic	 performance,	 we	 focused	 on	 the	 desert	 locust,	
Schistocerca gregaria.	 In	 this	 species,	 as	 in	 other	 locusts,	 tychopar-




hatching	 (Pardo,	 López-	León,	 Cabrero,	 &	Camacho,	 1995;	Webb	&	












rates	 among	 populations	were	 already	mentioned	 in	 the	migratory	
locust,	Locusta migratoria,	(between	a	laboratory	population	and	wild	
populations,	 Pardo	 et	al.,	 1995)	 or	 in	 Drosophila mercatorum	 (e.g.,	
between	 laboratory	populations	Carson,	1967).	Such	differences	 in	
tychoparthenogenetic	 capacities	 between	 locust	 populations	might	
be	 explained	 by	 differences	 in	 their	 level	 of	 inbreeding	 depression	
(faced	 by	 fully	 homozygous	 parthenogenetic	 locusts)	 linked	 to	 the	
history	 of	 purging.	 Indeed,	 the	 establishment	 and	 maintenance	 of	
laboratory	 populations	 may	 involve	 bottlenecks,	 small	 population	

















We	 raised	 four	 populations	 of	 S. gregaria gregaria	 in	 insect	 rearing	
chambers	 in	Montpellier,	France,	 from	January	 to	 July	2013.	These	
populations	originated	from	the	sampling	of	egg	pods	in	locust	labo-
ratories	in	England,	Belgium,	France,	and	Mauritania.	All	these	labora-
tory	 lines	were	 first	 initiated	 from	wild	populations	of	North	Africa	
(Berthier	et	al.,	2010;	Pelissié	et	al.,	2016).	They	correspond	to	three	
types	of	laboratory	rearing	history:	long-	term	(England	and	Belgium),	
recent	 (France)	 and	 none	 (Mauritania;	 Table	1).	More	 precisely,	 the	
English	 population,	 provided	 by	 S.	 R.	 Ott	 (University	 of	 Leicester),	
was	 inherited	 from	 the	historic	 colony	of	 the	Anti-	Locust	Research	
Centre	in	the	1950s	and	has	been	submitted	to	outcrosses	with	com-
mercial	 strains	 since	 2009	 (BladesBiologicalLtd)	 (S.	 R.	Ott,	 personal	
communication).	 However,	 it	 seems	 that	 commercial	 strains	 were	
genetically	very	similar	 to	 the	original	English	 laboratory	population	
(see	 next	 section).	 The	 Belgian	 population,	 provided	 by	 J.	 Vanden	
Broeck	 (University	 of	 Leuven),	was	 based	 on	 a	 few	 (≤10)	 founders	
from	 a	 field	 population	 (A.	 De	 Loof,	 personal	 communication).	 The	
English	and	Belgian	populations	have	been	 reared	 in	 the	 laboratory	
for	>25	years,	 that	 is,	over	100	generations.	The	French	population	
was	collected	from	nine	egg	pods	in	Mauritania	in	2010	and	has	been	
bred	 in	 the	 laboratory	 for	 seven	 generations	 (Pelissié	 et	al.,	 2016).	
Finally,	Mauritanian	population	is	directly	derived	from	six	egg	pods	














used	 in	 2013.	 All	 populations	 were	 genotyped	 with	 the	 same	 six	
microsatellite	 loci	 (DL01,	DL06,	DL09,	DL13,	Sgr36,	Sgr53:	Yassin,	
Heist,	&	Ibrahim,	2006;	Kaatz,	Ferenz,	Langer,	&	Moritz,	2007)	using	
the	 same	 ABI	 3130	 DNA	 sequencer	 (Applied	 Biosystems).	 Basic	
population	 genetic	 statistics	 were	 computed	 using	 the	 R	 package	
diveRsity	(Keenan,	McGinnity,	Cross,	Crozier,	&	Prodöhl,	2013).	The	
genotyped	wild	Mauritanian	 population	 had	 a	 genetic	 diversity	 of	
0.89	(Table	1).	After	five	generations	in	the	lab,	the	French	popula-
tion	 had	 a	 similarly	 genetic	 diversity	 of	 0.86	whereas	 the	 two	old	
laboratory	populations	from	England	and	Belgium	had	lower	genetic	




tions	 to	 FST	=	0.29	 between	 English	 and	 French	 populations),	 and	




calculated	 the	 genetic	 differentiation	 between	 the	 two	 temporal	
samples,	 considering	 that	 the	 outcrossing	 to	 the	 commercial	 line	
occurred	 in	 the	 intervening	 time.	 The	 low	 FST	 (0.02	 between	 the	




high	 genetic	 diversity	 as	 the	wild	Mauritanian	 population,	 whereas	
Population Year NG N AR HE FIS
Mauritania	(field) 2009 0 21 12.3 0.890 −0.044
France 2011 5 22 8.4 0.840 0.068
Belgium 2009 >100 30 3.9 0.560 −0.005
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the	English	and	Belgian	populations	had	substantially	reduced	genetic	
diversity,	 indicating	 a	 lower	 long-	term	effective	population	 size	 and	
presumably	 higher	 genetic	 drift	 (Lohr	&	Haag,	 2015).	There	was	 no	
indication	 of	 nonrandom	mating	 in	 any	 of	 the	 studied	 populations,	
as	 revealed	 by	 the	 low	 and	 nonsignificant	 FIS	 (Glémin,	 2003).	 Our	
expectation	was	 that	 the	 two	ancient	 laboratory	populations	would	
have	 lower	 inbreeding	 depression	 (due	 to	 genetic	 drift)	 and	 hence	
higher	 parthenogenetic	 capacities	 compared	 to	 the	 French	 and	 the	
Mauritanian	populations.





















ments	 were	 applied:	 a	 “parthenogenetic”	 treatment	 where	 females	




















number	 of	 eggs,	 the	 hatching	 rate	 and	 the	 offspring	 survival	 24	hr	
after	hatching	in	this	population.
Twelve	 to	 15	 offspring	 per	 egg	 pods	 (i.e.,	 698	 offspring)	 were	
then	reared	in	individual	1-	L	boxes	from	hatching	to	adult	molt	to	as-




lated	 into	 separate	 1-	L	 boxes	with	 a	 pierced	 lid	 and	 observed	 until	
they	reached	adult	molt.	They	were	monitored	daily	 to	record	 larval	

























femur	 length	 were	 analyzed	 using	 generalized	 linear	 models	 with	





model	 using	 a	 chi-	square	 tests	 for	 binomial	 distributed	 variables	 or	




2012;	Therneau	&	Grambsch,	2000).	 “Reproduction	 treatment”	 and	

























Hatching	 rate	 and	 survival	 24	hr	 after	 hatching	 were	 not	 differ-
ent	between	 inbred	and	outbred	treatments	 (Table	2,	Figure	1d,e).	
Those	 two	 traits	were	 severely	 decreased	 in	 the	 parthenogenetic	
treatment.	 There	 was	 no	 effect	 of	 population	 on	 hatching	 rate	
and	first	day	survival.	However,	 in	the	parthenogenetic	treatment,	





Moreover,	 there	 were	 significant	 interactions	 between	 population	
and	treatment	in	larval	development	time	and	femur	length	(Table	2).	
More	precisely,	inbreeding	significantly	increased	larval	development	
time	 only	 in	 Belgian	 offspring	 (Figure	1f;	 F1,204	=	7.59;	 p	=	.006).	
Similarly,	inbreeding	had	a	significant	positive	effect	on	femur	length	
in	English	adult	offspring	(F1,281 = 12.91; p	=	.0004)	but	a	negative	ef-
fect	in	French	and	Belgian	adult	offspring	(Figure	1g;	F1,42	=	7.58	and	
p = .009; F1,199	=	6.63;	p	=	.011,	respectively).
Note	 that,	 although	 we	 initially	 reared	 698	 offspring,	 only	 ten	
survived	 to	 adulthood	 in	 the	 parthenogenetic	 treatment,	 all	 from	
the	English	population	(Annex	2).	 In	this	population,	being	born	to	a	
parthenogenetic	 mother	 significantly	 raised	 mortality	 risk	 (Figure	2,	
χ²2	=	15.40;	 p	=	.0005).	 The	 10	 surviving	 parthenogenetic	 offspring	
had	 significantly	 longer	 larval	 development	 time	 and	 reached	 larger	
adult	 body	 sizes	 than	 the	 offspring	 in	 the	 two	 other	 treatments	
(F2,294 = 9.19; p = .0001 and F2,289	=	18.19;	p	<	.0001).
Population	of	origin	had	a	significant	effect	on	development	time	
and	size,	with	the	Belgian	population	taking	longer	to	reach	the	each	
molt	 stage	and	having	 smaller	 size	at	 adulthood	 than	 the	French	or	











not	 consistent	 with	 our	 predictions	 of	 a	 lower	 inbreeding	 depres-
sion	and/or	a	lower	level	of	genetic	diversity.	Indeed,	our	experiment	
revealed	 signs	 of	 inbreeding	 depression	 in	 larval	 development	 time	
and	adult	femur	length	in	the	Belgian	population	and	in	adult	femur	
length	 in	 the	 French	 population.	 On	 the	 contrary,	 the	Mauritanian	
and	English	populations	showed	no	sign	of	inbreeding	depression	and	









Population 3 30.68 .000
Treatment 2 23.52 .000
Time	to	first	
laying
Population 3 124.32 .000
Egg	number Population 3 9.92 .000
Treatment 2 2.18 .116
Egg	pod 1 11.99 .001
Population:treatment 5 2.03 .077
Hatching	rate Population 3 1.23 .299
Treatment 2 45.04 .000
Population:treatment 5 2.61 .027
First	day	
survival
Treatment 2 60.56 .000
Development	
time
Population 2 72.3112 .000
Sex 1 34.9112 .000
Extramolting 1 37.9551 .000
Population:treatment 2 6.694 .001
Femur	length Sex 1 1152.22 .000
Population 2 77.58 .000
Extramolting 1 11.42 .001
Population:treatment 2 4.39 .013
For	each	trait,	we	reported	the	degrees	of	freedom,	F	values	or	deviance	
(for	chi-	square	 tests)	 and	p-	values.	Note	 that	 for	development	 time	and	
femur	 length	 only	 three	 populations	 (Belgium,	 France	 and	UK)	 and	 two	
treatments	(outbreeding	and	inbreeding)	were	analyzed,	see	section	2	for	
details.






genetic	 drift	may	have	purged	 the	genetic	 load	or	 fixed	deleterious	
alleles.	However,	this	does	not	seem	to	apply	for	the	Belgian	popula-
tion,	which	showed	inbreeding	depression	but	otherwise	had	similar	
genetic	 diversity	 as	 the	 English	 population.	 In	 the	Mauritanian	 and	
French	populations,	with	 similarly	 high	genetic	 diversity,	 the	 former	
showed	no	 inbreeding	depression	whereas	 inbreeding	depression	 is	
observed	in	terms	of	adult	body	size	in	the	later.	Alternatively,	inbreed-
ing	depression	may	pass	undetected	for	several	reasons.	First,	statis-















(or	 by	 tychoparthenogenesis).	 In	 contrast,	 mildly	 deleterious	 muta-
tions	may	often	cause	inbreeding	depression	later	in	the	life	cycle	and	












(d) (e) (f) (g)
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number)	 did	 not	 show	 any	 sign	 inbreeding	 avoidance,	 and	we	 even	
found	a	positive	effect	of	inbred	mating	on	the	proportion	of	females	
laying	 eggs	 in	 the	 French	 population.	 Theory	 predicts	 that	 under	
strong	inbreeding	depression,	individuals	should	be	more	reluctant	to	
invest	in	inbred	mating	(Tsitrone,	Duperron,	&	David,	2003).	Therefore,	
the	 low	 inbreeding	depression	could	have	resulted	 in	an	absence	of	
inbreeding	avoidance.
4.2 | Success of tychoparthenogenesis
In	 the	 four	studied	populations,	 the	parthenogenetic	offspring	have	
lower	hatching	rate,	survival	24	hr	after	hatching,	 larval	survival	and	
development	 time	than	offspring	 from	the	other	 treatments.	As	ex-
pected,	 we	 found	 drastic	 differences	 in	 the	 tychoparthenogenetic	
capacities	 between	 the	 laboratory	 populations	 of	 S. gregaria. The 





parthenogenetic	eggs	 (data	not	 shown).	 In	comparison,	 in	 the	 three	
other	 populations	 a	 lower	 percentage	 of	 females	 produced	 parthe-
nogenetic	 eggs	 and	 no	 hatchling	 survived	 until	 adult	molt,	 or	 even	
hatched	in	the	case	of	the	Mauritanian	population.
The	lower	fitness	of	the	parthenogenetic	offspring	was	expected	
under	our	hypothesis	as	 they	are	 fully	homozygous	and	should	 face	
larger	inbreeding	depression	than	the	inbred	offspring.	Following	this	
line	of	 reasoning,	 it	 is	possible	 to	roughly	estimate	number	of	 lethal	
alleles	in	the	haploid	genome	(number	of	lethal	equivalents;	Archetti,	
2004).	Assuming	 a	 Poisson	 distributed	 number	 of	 lethal	 alleles,	 the	
probability	 of	 hatching	 for	 a	 parthenogenetic	 offspring	 is	 the	 prob-
ability	 of	 having	 zero	 lethal	 allele	 in	 the	haploid	 genome.	Using	 the	
hatching	 rate	 of	 parthenogenetic	 offspring	 relative	 to	 outbred	 off-
spring,	we	estimated	1.1,	3.8,	and	3.9	lethal	alleles	in	the	haploid	ge-
nome	 (in	 the	English,	Belgian,	and	French	populations,	 respectively).	
Those	estimates	are	 in	the	range	of	previously	published	results	but	
are	larger	than	those	published	in	insects	(between	0.48	and	0.77	le-




were	 lower	 than	 the	measured	values	 (98%,	86%,	 and	100%	 in	 the	
English,	Belgian,	and	French	populations,	respectively).	We	conclude	
that	 inbreeding	depression	 itself	 is	not	sufficient	to	explain	the	very	






mentioned	 before,	 diploidy	 restoration	 proceeds	 by	 endomitosis	 in	
the	embryo	which	may	be	mosaic	 for	haploid	and	diploid	cells	and,	
it	seems	that	 the	majority	of	embryo	cells	must	be	diploid	to	allow	
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females	may	fail	to	find	a	mate	among	sparsely	distributed	males,	and	
tychoparthenogenesis	 could	 be	 adaptive	 (Uvarov,	 1966).	 Based	 on	
a	 theoretical	model,	 Schwander	et	al.	 (Schwander	et	al.,	2010)	even	







previous	studies,	our	 laboratory	 results	 indicated	 that	viable	offspring	
were	 not	 successfully	 produced	 by	 tychoparthenogenesis,	 with	 the	
single	exception	of	 the	same	 long-	term	 laboratory	population	already	
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